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Abstract 
The formation of the FeSe0.5Te0.5 phase was studied by means of high energy synchrotron x-ray diffraction. The 
precursors consisted of Fe, Se and Te or Se0.5Te0.5 powder mixtures and were encased in a metal (Cu/Nb) composite 
sheath to prevent evaporation of Se and Te during high temperature processing. In all cases (Fe – Se – Te ternary 
mixture; Fe - Se0.5Te0.5 binary mixtures with two different Fe particle sizes) the ternary alloy forms via Fe(Se,Te)2 
and Fe3(Se,Te)4 intermediate phases. When unreacted Se and Te powders are used in the precursor, partial Se1-xTex 
alloying takes place during heating prior and during the formation of the intermediate phases. As the alloying is 
incomplete, the resulting Fe(Se,Te) phase is not homogeneous. Using pre-alloyed Se0.5Te0.5 allows a better control of 
the reaction although homogeneisation also occurs in the Fe(Se,Te) phase as a consequence of the phase equilibria of 
the Se – Te system. The grain size of the starting Fe powder has no influence on the reaction path for the grain sizes 
used in the present study. However, the reaction rate for Fe(Se,Te) formation is clearly sensitive to this parameter. 
 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Horst Rogalla and 
Peter Kes. 
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1. Introduction 
 
Among the recently discovered Fe-based superconductors, β-FeSe not only possesses the simplest 
structure but has as well the advantage of not containing arsenic, which is interesting in view of safety if 
this class of superconducting materials happens to compete with other types of superconductors for the 
large scale manufacture and use of wires in power applications. The critical temperature (Tc) of β-FeSe is 
not especially high (about 10K) but it can be enhanced to 15K by doping with Te [1]. Furthermore, the 
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upper critical field Hc2(0) of the Fe(Se1-xTex) phase can reach values in excess of 50T [2]. A few attempts 
at preparing FeSe wires have already been reported but the critical current densities remain low [3,4]. 
Besides possible intrinsic limitations related for example to grain boundary coupling, it appears that 
improving the microstructure of such wires might play a role in enhancing their superconducting 
performance. A detailed description of the phase and microstructure evolution taking place inside the core 
of the wires can play a significant role in optimizing some processing parameters and obtaining a 
superconducting core of better quality. 
Recently, we reported two phase formation studies performed in-situ by means of hard x-ray 
synchrotron diffraction in the FeSe and the related FeTe systems respectively [5,6]. It was found that the 
FeTe phase forms according to a relatively simple reaction scheme involving only the FeTe2 phase as an 
intermediate. In contrast, the FeSe reaction path involves three intermediate products, which appear in the 
sequence FeSe2, Fe3Se4 and Fe7Se8. 
In this contribution we present new investigations on the phase formation of the FeSe0.5Te0.5 
compound starting from different precursors. Like for our previous studies, the precursor powder mixtures 
were packed into a composite Cu/Nb metallic sheath to prevent losses of Se or Te by evaporation or 
sublimation during the heat treatment. Using a high-energy synchrotron beam allows following the 
reactions occurring inside the metal sheath in transmission geometry. 
 
2. Experimental details 
The starting reagents consisted of metal powders: Fe (99.9% purity, <10μm), Se (99.9%, -200 mesh) 
and Te (99.99%, -325 mesh ). In one case (see section 3.3) another Fe powder batch was used with 99+% 
purity and -200 mesh (<74μm) grain size in order to study the effect of Fe particle size on the reaction 
mechanism and kinetics. In all other samples the <10μm Fe powder was used. For one sample, these 
powders were directly mixed together with a FeSe0.5Te0.5 nominal composition, whereas for the other 
samples Se and Te were first reacted together at 200°C for 20h, followed by 250°C for 20h in order to 
obtain a SeTe alloy prior to mixing with Fe powder with an overall FeSe0.5Te0.5 composition. Powder 
mixing was performed by low-energy ball milling in 4 cm diameter polyethylene jars for 24h with NiO 
balls. The mixed powders were packed into a Nb tube, which was then itself inserted into a Cu tube with 
larger diameter. The two composite samples were mechanically deformed by means of groove-rolling 
down to a wire with about 3 mm2 cross section area. 
The in-situ diffraction measurements were conducted at the high energy x-ray beamline BW5, located 
at the storage ring DORIS III at DESY. The photon energy of the incident beam was 80 keV. Short pieces 
(≈ 4cm length) cut from longer wires were clamped in a high-temperature steel holder inserted in a quartz 
tube. The sample holder assembly was placed in a dedicated high-temperature furnace equipped with 
Kapton windows and a stainless steel heat shield with holes for beam entrance and exit. The samples were 
maintained in a flow of Ar (d 0.5 ppm residual O2) during the runs. A heating rate of 2°C/min was used to 
reach the maximum temperature. A thermometer was situated close to the samples and in contact with the 
steel holder. The acquisition time was 2s for each diffraction pattern. 
A beam cross-section of 1x1 mm2 was chosen to probe the ceramic core throughout the diameter of 
the wires. Absorption scans were used to position the samples in the beam. Diffraction patterns were 
recorded on a two-dimensional image plate and evaluated using the fit2d software package [7]. The 
intensity of the signal was normalised to the synchrotron positron beam current value, which varies with 
time during the experiment. 
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3. Results and discussion 
 
3.1. Fe – Se0.5Te0.5 mixture 
 
In the as deformed wire, only the Se0.5Te0.5 and Fe phases are detected in the diffraction patterns. The 
appearance of other compounds is evidenced from 248°C, i.e. about 60°C below the partial melting 
temperature of Se0.5Te0.5. According to the Se – Te phase diagramme determined by Ghosh et al. [8], the 
composition used in our sample crosses the solidus at 310°C. As the temperature further increases, a Se-
rich liquid is expected to form, whereas the composition of the solid slowly becomes richer in Te. This 
feature is illustrated in Fig. 1, where the (101) reflection of the Se0.5Te0.5 phase (now better described as 
Se0.5-xTe0.5+x) clearly shifts towards higher d-spacing values in the temperature interval separating the 
solidus and liquidus (about 360°C) of the system.  
The new phases forming in the powder core of the wire are Fe(Se,Te)2 and Fe3(Se,Te)4 as well as a 
minor amount of Fe(Se,Te). In a Fe-Se mixture, the corresponding FeSe2 and Fe3Se4 phases are also 
forming as soon as Se melts [5]. However, no equivalent to the Fe7Se8 phase, which was observed at 
increasing temperatures in the FeSe phase formation study, is evidenced in the present sample. The 
intensity of the Fe(Se,Te)2 phase increases up to 365°C before decreasing, whereas the amount of 
Fe3(Se,Te)4 appears to increase up to 388°C. The intensity of the reflections of the latter phase then starts 
to decrease. In contrast the amount of Fe(Se,Te) increases steadily up to 635°C and is the only phase 
detected in the samples at the end of the heating ramp (690°C). Whereas a structural phase transition was 
observed in FeSe between 450°C and 500°C, the tetragonal Fe(Se,Te) phase formed in the present sample 
does not show any evidence for a transformation. 
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Fig. 1. Radially integrated diffraction patterns recorded at different temperatures on a wire containing a starting mixture of Fe and 
Se0.5Te0.5 powders. F Fe, z SeTe, Fe(Se,Te), | Fe(Se,Te)2,d Fe3(Se,Te)4. 
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As shown in Fig.2 for the (111) reflection of Fe(Se,Te), the peaks of this phase first shift rapidly towards 
higher d-spacing values at a fast and non linear rate. However, from 450°C, this shift takes place at a 
slower rate and becomes linear versus temperature. This can be interpreted as the consequence of a 
variation of composition. Due to the fact that the liquid phase formed at the beginning of the fusion of the 
the Se0.5Te0.5 phase is Se-rich, the Fe(Se,Te) formed during the initial stage is expected to be Te-deficient 
and thus have shorter lattice parameters than the target FeSe0.5Te0.5 composition. However, as the 
temperature increases, the liquid becomes enriched in Te and induces in turn a Te enrichment of the 
Fe(Se,Te) phase until the overall composition of the phase reaches the nominal atomic ratio. At this point, 
the temperature variation of the d-spacing becomes linear and only reflects normal thermal expansion. 
The full width at half maximum (FWHM) of the Fe(Se,Te) reflections increases during this reaction step 
up to 450°C. This indicates that the Se and Te distribution in the newly formed phase is inhomogeneous. 
Shortly before the phase enters the linear thermal expansion regime, the FWHM decreases, suggesting 
that solid-state diffusion allows some homogenization, which may continue after the reaction is finished. 
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Fig. 2. (left) Radially integrated diffraction patterns recorded at different temperatures on a wire containing a starting mixture of Fe 
and Se0.5Te0.5 powders. (right) Evolution of the (111) peak position of Fe(Se,Te) as well as its FWHM as a function of temperature. 
The broken red line is a guide to the eye. 
3.2. Fe – Se - Te mixture 
In the wire containing a mixture of Fe, Se and Te powders in Fe:Se:Te = 1:0.5:0.5 nominal atomic ratio, 
the situation is more complex. From about 200°C, i.e. prior to the formation of new compounds, there is 
evidence for Se-Te inter-diffusion as illustrated in Fig.3a, where the background level between the 
respective (101) peaks of Se and Te is clearly increasing with temperature. However, complete alloying is 
by far not complete before the start of the reaction of the chalcogen elements with Fe. At 250°C, 
Fe(Se,Te)2 and Fe3(Se,Te)4 have appeared as in the case of the Fe – Se0.5Te0.5 powder mixture but in the 
present case the reflections are systematically shifted to lower d-spacing values, which indicates that these 
new phases are richer in Se than it was the case at the beginning of the reaction in the other sample. The 
temperature for the appearance of these phases is approximately the same in both cases. The variation of 
the cell parameters of Te as a function of temperature is non monotonic as illustrated in Fig. 3b by the 
behavior of the (101) reflection of this phase. Starting from 215°C, the expansion is no more linear and 
the d-spacing even decreases between 240°C and 280°C before increasing sharply again. This departure 
from linear behavior coincides with a significant acceleration of the lattice expansion rate in Se (see peak 
shift in Fig. 3b) that is probably related to Te diffusion into the Se, which has not yet molten and has for 
effect to increase the melting point of the remaining phase. The melting temperature of pure Se is of 
221°C and increases upon alloying with Te [8]. 
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The fast consumption of the Se that has not been incorporated into the Se1-xTex alloy results in the 
formation of a Se-rich Fe(Se,Te) phase. As shown in Fig.3c in the case of the (111) reflection of this 
phase, a shoulder appears on the high d-spacing side after about 100 minutes at 350°C. A similar feature 
is observed for all other Fe(Se,Te) peaks and suggests that a Te-rich phase is formed at that stage from the 
Se-Te alloy that formed prior to the melting of the un-alloyed Se. This phenomenon is not quite similar to 
that observed in the Fe + Se0.5Te0.5 sample (section 3.1). Whereas in the latter case the compositional 
change was progressive, in the present sample it appears that two separate phase formation reactions 
occur. The pairs of reflection did not merge during the course of the experiment, showing that 
homogeneisation of the composition is not straightforward at 350°C. 
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Fig. 3. (a) Radially integrated diffraction patterns recorded at different temperatures on a wire containing a starting mixture of Fe, Se 
and Te powders. (b) Evolution of the (101) peak position of Se and Te as a function of temperature. (c) Detail of the diffraction 
pattern showing the coexistence of Se-rich and Te-rich Fe(Se,Te) at various sintering times at 350°C. 
3.3. Effect of Fe particle size 
The effect of Fe particle size has been studied in a wire containing a mixture of Fe (< 10 μm or < 74 μm 
particle sizes) and Se0.5Te0.5 powders. No significant variations could be evidenced in the reaction path, 
i.e. the same intermediate phases were formed in the same sequence, in both samples. However, a clear 
difference was observed in the kinetics of Fe(Se,Te) phase formation. Fig. 4 shows a clear shift to higher  
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Fig. 4. Integrated intensity of the reflections (101) of (Se,Te) - diamonds, (111) of Fe(Se,Te)2 – triangles, and (111) of Fe(Se,Te) – 
squares, as a function of temperature for the samples prepared from Se0.5Te0.5 and Fe mixtures with Fe particle size of <10μm(filled 
symbols) and <74μm (open symbols). 
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temperatures in the sample with larger Fe particles for the Se0.5Te0.5 phase disappearance; the formation 
and consumption of the Fe(Se,Te)2 compound and the formation of Fe(Se,Te). The Fe3(Se,Te)4 phase (not 
shown in Fig.4 for clarity) follows a trend similar to that of Fe(Se,Te)2. 
4. Conclusion 
The formation process of the FeSe0.5Te0.5 phase is affected by the precursor materials used for its 
preparation, although the reaction sequence appears to be unchanged and characterized by the formation 
of Fe(Se,Te)2 and Fe3(Se,Te)4 intermediates in all cases studied. When Fe is mixed with pre-alloyed 
Se0.5Te0.5 powders, the reaction is initiated by the partial melting of the Se0.5Te0.5 phase. The formation of 
a Se-rich liquid results in Se-rich phases including Fe(Se,Te), which become enriched in Te as the 
melting of Se0.5Te0.5 proceeds. In such kind of precursor mixtures, the effect of the particle size of the 
starting Fe powder was studied and found to strongly influence the reaction kinetics as larger particles 
shift the reaction sequence to higher temperatures. When unreacted Se and Te powders are used in the 
precursor, partial Se1-xTex alloying takes place during heating prior to and during the formation of the 
intermediate phases. Since the alloying is incomplete, Se-rich Fe(Se,Te) forms at relatively low 
temperature prior to the melting of the Te-rich Se-Te alloy. This results in an inhomogeneous Fe(Se,Te) 
phase.  
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